Sodium dithionite (Na2S204) is the commonest and most convenient reagent for the deoxygenation and reduction of haem pigments. The danger of undesirable side reactions between haem pigments and Na2S204 or its oxidation products has been remarked by several workers (Hartridge & Roughton, 1923; Keilin, 1926 Keilin, , 1927 Zeile, 1932; Lemberg, Legge & Lockwood, 1941; Lemberg & Legge, 1949) , and is particularly important in connexion with accurate kinetic studies of the deoxygenation of oxyhaemoglobin (HbO2) in an excess of Na2S204. Hartridge & Roughton (1923) studied the deoxygenation of HbO2 by Na2S204 in their rapid-flow apparatus, and concluded that the Na2S204 did not react directly with the HbO2, but simply removed the oxygen from the solution as fast as it was liberated, and that the direct and quantitative conversion of HbO2 was by a simple first-order dissociation. These conclusions seemed to be confirmed by the more accurate and comprehensive measurements of Millikan (1933 Millikan ( , 1936 . Recently, however, evidence of a more complicated state of affairs was obtained by Legge & Roughton (1950) , both in a re-inspection of Millikan's results and in new experiments on sheep HbO2 by a similar method. First, it appeared that the first-order velocity coefficient increased significantly during the first third of the reaction, as was indeed to be expected on the basis of the intermediate-compound theory of haemoglobin (Hb) reactions (Roughton, 1949) . Secondly, in some experiments at neutral pH the last stages of the deoxygenation seemed to be extremely slow, and to be associated, at least in part, with the formation of pigments in side reactions brought about by Na2S204 oxidation products, which would invalidate the colorimetric method of analysis. The matter was not fully worked out, but it was suggested that a precursor of choleglobin might be the interfering substance. An initial increase of the first-order velocity coefficient has also been recorded for the deoxygenation of human HbO2, but no slow terminal stage was observed (Dalziel, 1954) . Duringincidentalmeasurements, however, it was also noted that a perfectly stable Hb spectrum was not at once obtained on the addition of excess of Na2S204 to a dilute, slightly alkaline HbO2 solution in the absence of air, and that similar slow spectral changes in the absorption spectrum of a dilute Hb-Na2S204 solution were induced by brief exposure to air. These observations were consistent with the conclusions of Legge & Roughton (1950) that oxidation products of Na2S204 could bring about side reactions with the pigment.
The purpose of the experiments described here was to obtain evidence of the nature of these side reactions by a closer examination of the slow spectral changes which followed the deoxygenation of HbO2 by Na2S204, and the action of oxygen on a Hb-Na2S204 solution, under various conditions of concentration and pH. HbO2 (Lemberg & Legge, 1949 0-05M-KH2PO4-NaOH (pH 6-0-8-0) and 0-05M-H3BO3-KCl-NaOH (pH 8.0-10.0) (Vogel, 1939) . Reactant concentrations. Initial concentrations in the reaction mixtures are referred to throughout. Hb concentrations are expressed in m-equiv./l.; the expression mEq.-Hb is equivalent to mM-haem, and m-equiv. extinction coefficients. EmEq., refer to these concentration units (Dalziel & O'Brien, 1954) .
RESULTS
Side reactions in the deoxygenation of oxyhaemoglobin by dithionite The curves of Fig 
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HbO2 and Na2S204 recorded 1 and 15 min. or more after mixing. Fig. 2 . Similar results were obtained in experiments at pH 5-9 and 9-5; in the acid solutions the slow changes were distinctly smaller in magnitude and shorter in duration.
The effects of variation of the reactant concentrations and the pH on the magnitude of the slow increase ofextinction at 430 m, were systematically studied (Fig. 3) . The variation of the final stable extinction coefficient with the conditions shows that HbO2 is lost in the overall reaction as products other than Hb. Both the 1 min. and the final, 20 min., values of the extinction coefficient become greater with (i) fall of pH, (ii) increase of Na2S204 concentration and (iii) increase of pigment concentration. Thus the percentage yield of Hb is smallest with dilute HbO2 solutions, small Na2S204 concentrations and high pH, and under these conditions the slow increase of extinction at the Hb maximum is most marked. No evidence of side reactions had been noted in kinetic studies of the deoxygenation in a rapidreaction apparatus (Dalziel, 1954) , when relatively high pigment concentrations had been used. In accordance with the results of earlier workers, the deoxygenation had apparently been complete in less than a second; when the flow was stopped the extinction ofthe products had immediately assumed a value close to that of a calibration fluid consisting of fully reacted Hb and had then remained unchanged for at least a minute. More careful and prolonged observation, however, showed that slow changes of the kind described did in fact occur; the extinction of the products increased slightly at 430 mut and decreased very slightly at 460 mp during a period of 5 min. Confirmation of these small changes was sought by stopped-flow measurements in an attachment to the observation tube of optical-path length 1 cm., which permitted accurate measurements on more dilute pigment solutions. Buffered solutions of Na2S204 and HbO2 at pH 8 were mixed by flow, and when steady conditions were attained the flow was suddenly stopped and the extinction ofthe mixture was recorded against time.
During flow through the observation tube the extinction at 430 mp increased rapidly as Hb was formed, but immediately the 'flow was stopped it began to decrease and continued to fall for about 30 sec., and then increased slowly until a constant value was attained after about 10 min. (Fig. 4) . The reality of these small changes was established by control experiments; when a Hb-Na2S204 solution Time (min.) Fig. 4 . Changes of extinction at 430 myt after deoxygenation of HbO2 (4 x 10-3 mEq.) by Na2S204 (0-2 g./l00 ml.) at pH 8-0, recorded in the rapid-reaction apparatus by the stopped-flow method.
was substituted for the HbO2 solution, a perfectly constant value of the extinction was recorded under similar conditions. The results suggest that two reactions follow the rapid deoxygenation.
The addition of Na2S204 to dilute methaemoglobin solutions was followed by similar slow spectral changes. When red-cell suspensions were deoxygenated by Na2S204, however, a practically stable spectrum was obtained at once. It seemed therefore that the side reactions were not directly connected with the deoxygenation of HbO2, but arose from the action of an oxidation product of Na2S204 on Hb (cf. Legge & Roughton, 1950 ). This conclusion was strengthened by the observation that exposure of a Na2S204 solution to air immediately before mixing with HbO2 enhanced the side reactions. The effect was not permanent, and disappeared when the Na2S204 solution was allowed to stand in the absence of air for a few minutes.
Spectral change8 induced by oxygen in haemoglobin-dithionite 8olutionf After the slow spectral changes which follow deoxygenation had been recorded in the experiments described previously (Figs. 1, 2) , 02 was passed into the products for 30 sec. Measurements showed that during the action of 02 the intensity of absorption had fallen at both the Hb maxima, and risen at the minimum and beyond 585 mpi, and during the next few minutes the original spectrum was largely restored by changes in the reverse direction at most wavelengths. These slow changes appeared to be identical throughout the spectrum in magnitude, direction and rate with those which had followed the initial deoxygenation (Fig. 1) . When a stable spectrum was again obtained, it differed from the initial Hb spectrum (Fig. 1) Spectrokinetic curves of the slow changes following deoxygenation (see also Fig. 2 ) and the subsequent action of 02 are given in Fig. 5 , and bring out the similarity between the two reactions. The curve for 430 m,u is representative of the changes at both the Hb maxima; the considerable decrease of absorption which occurred during the passage of 02 was largely but not completely reversed in the subsequent slow reaction. A reverse sequence of smaller changes occurred at 460 m,L and at other wavelengths near the minimum and beyond 580 m,u. From 400 to 417 m,u, both the immediate action of 02 and the subsequent slow reaction were accompanied by small decrease of extinction.
DISCUSSION
It has been known for some time that the action of oxygen on Hb in Na2S204 solution results in the formation of choleglobin-like oxidation products, manifest by increased light absorption in the red and decreased absorption at shorter wavelengths, notably in the Soret region (Lemberg et al. 1941; Lemberg & Legge, 1949) . The present experiments show that an unstable derivative of Hb is also formed under conditions which favour the formation of an oxidation product of Na2S204, and is slowly reconverted, in part, into Hb in the presence of excess of Na2S204. These reactions also accompany the conversion of HbO2 and methaemoglobin into Hb by Na2S204 in dilute solution. To account for the observed spectral changes, the unstable derivative, unlike the stable degradation products, must have (a) absorption in the Soret region about equal to, or slightly greater than, that of Hb at 400-420 m,u and considerably less than that of Hb around 430 m,; (b) a greater absorption in the regions 450-530 m,u and 580-650 m,; (c) isosbestic points with Hb at about 417, 448, 536 and 579 mp (Fig. 1) . Neither HbO2 nor methaemoglobin satisfies these conditions. Both the formation of the unstable derivative and the irreversible degradation of the Hb were favoured by low Hb and Na2S204 concentrations and by slightly alkaline conditions, consistent with the view that the unstable compound is an intermediate in the degradation. The effect of Na2S204 concentration also suggests the origin of the reactions. If Na2S204 itself were involved, it would be expected that the extent of the reactions would either increase with the Na2S204 concentrations or be independent of it. If a stable oxidation product ofNa2S204 were involved, the extent ofthe reactions should also be independent of the Na2S204 concentration, with constant total oxygen concentration. The observed inhibitory effect of Na2S204 agrees with the assumption that an intermediate product of the reaction of Na2S204 with oxygen, which is ultimately destroyed by the excess of Na2S204, is I responsible for these reactions. This would also explain why the activation brought about by exposure of the Na2S204 solution to air is only temporary and disappears when the Na2S204 is allowed to stand in absence of air. An unstable oxidation product of Na2S204 is hydrogen peroxide (Jellinek, 1912; Conant & Scott, 1926) , which reacts with several haem pigments, including methaemoglobin, to form unstable compounds with well-defined spectral characteristics, and with Hb to form choleglobin (Lemberg et al. 1941 ). An unstable Hb-peroxide compound was postulated by Lemberg et al. (1941) as the precursor of choleglobin. It has been shown (Dalziel & O'Brien, 1957) coefficients of HbO2 and oxymyoglobin, but upon a greater susceptibility of Hb to oxidative degradation, during the oxygenation, to choleglobin and other products with little specific absorption in the Soret region. There is direct evidence that myoglobin is more resistant than Hb to degradation by hydrogen peroxide in the presence of Na2S204 (Dalziel & O'Brien, 1957) .
Sodium dithionite is evidently an unsatisfactory reagent for accurate kinetic studies of the deoxygenation of HbO2, but no suitable alternative has yet been found. The conclusion ofLegge & Roughton (1950) that the occasional slow terminal stage recorded by colorimetric analysis was an artifact is substantiated by the present work, but the fact that the increasing first-order velocity coefficient in the early stages of the reaction is found in spectrokinetic measurements at both 415 and 430 my (Dalziel, 1954) makes it likely that this is a true kinetic feature of the deoxygenation. It must be added, however, that discrepancies have been discovered between the rate at which carbon monoxide displaces oxygen from combination with Hb and the rate of dissociation of HbO2 in the presence of Na2S204, which may indicate that Na2S204 has a direct action on the pigment and modifies the kinetics of the dissociation, at least in neutral solution (Gibson & Roughton, 1955; Gibson, 1955) . SUMMARY
1. The addition of an excess of sodium dithionite to dilute solutions of oxyhaemoglobin or methaemoglobin does not give a quantitative yield of haemoglobin. Side reactions occur in which part of haemoglobin is degraded to products with relatively low specific absorption. Similar reactions are induced by the brief oxygenation of dilute haemoglobin solutions containing an excess of sodium dithionite.
2. Evidence has been obtained that these reactions are brought about by an oxidation product of sodium dithionite, and involve the temporary formation of an unstable intermediate compound, which may be degraded or slowly reconverted into haemoglobin.
3. The significance of these results in relation
